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Summary: The crystallographic data l vallabft for chelate blsphosphine rhodium coqlexes have 
been evaluated . The origin of the Widely-quoted nedge-faceF l rrangsllent in 5-ring chslatss 
mny lie in l stablllslng lntaraction betwoen ortho PCH groupa and the coordlnatlvely 
uneaturated metal; the tendenoy to l 88ume this conformation la moat urked when the chelate 
backbone 18 rlgld. Using data derived ror CHIRAPHOS complexes a simple molecular mechunlcs 
approach ha8 bear used to define the wurcc of diastereoseleotivtty in dehydramino 8old 
binding to chlral rhodtum blsphoephine antltie8s. which reeldee in differential Van dsr Urals 
interactiona between carboxyl and P-eryl group8 for the two dlastereomers. Their ral8tlve energy 
18 reverrrd at the dlhydride Jtrge, follovlng l ddltlon of Ii, to the bound enutde coqiax. 
Only one of the tour possible steraoi8omrs in eech dl8stetwmsle family 18 viable; the rent 
suffer fros substantial non-bonding lnteractlons. Addition ot Ha to both uramlde complexes in 
the CHIRAPHOS ssriss ~88 also studled through this alecular modelling approach. The alnor 
enamide oxpclbnces subatantlal repulsive Intereotions in th’e early eteges of reaction, but 
mch leas than the larjor ena8lde aa W-H bond forutlon approached oompletlon. 

The l syraetric hydrogenetlon of dehydroamlno aolds and their rtructural relatlvu contiruss to 

stimulate interest, through both preparative1 and mechanl8tlc* etudles. Whilst the basic 

principle8 which lead to high enantioselectivlty are rewonably uell undsatood, and the 

catalytic cycle 18 broadly dcilned In at leest one ca8e’*’ , much raulns to be learned. In 

particular, the origin of enantioseleotfvlty at the rate-deteralnlng transition-state, In which 

H, adds to the rhodium enamide cosplcx, is unknown. Lt la generally recognisai that th8 thwmo- 

dynamically dlsfavoured enamide complex reacts more rapidly with H,, and thfs event ry be 

observed at low temperature8 ; undo such condltlons the putatlve dlhydrlde breaks down faster 

than it 18 formed, and only an alkylhydrlde 18 8een.q’. Kagan has proposed’ the gawral rule 

that blphosphlne rhoblum ohelaim of A conflguretlon give rise to +elno acid on oatalytlc 

hydrogenation (and. by lapllcatlon, 6 * fi). There are no rltceptions, but the rule is auplrlcal 

and lacks support at the molecular level. 

Since experimental work lsrdlng to characterlsatlon of the Initlrlly formed dlhydrfde had 

been unsuccessful’, YG turned attention to computer modelllng a8 a meann of prwbfng this 

lnaccesslble but crucial area of the energy surface. 

RESULTS AND DISCUSSIOW 

1. Conrortketlone from X-Ray Afmlysgs 

The vast rjorlty of 8uocsluful llgende for aaytietric hydrogenation are blphosphlnes with 

four pendant aryl groupa. rnw9 are about seve&esn relevant X-r8y crystal atructure8 of 

rhodluo blphosphlne complexes in the llterature. On the basis of early work with DIPAHP 

complexas Knoula and co-workers suggested that the orientation of phenyl rings imposed by 

llgrnd chlrallty ~8 responsible for atereochalcal control in l ayaetrlc hydrogenation*. 

Their X-ray Itruuturo suggested that two rings were edge-on to the metal, and two ring8 iaae-on 

with an overall C, sylretry ; this edge-taco array ns given a central role in their discussion, 
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ahd it can be clearly seen in the crystal structure of the CHIRAPROS complex displayed in plan 

and elevation in 2. (Figure 1,2) A subsequent careful analysis by Oliver and Riley’ was more 

pesslalatlo about the generality of the edge-face relationship. however. 

Ye retrieved the atomlc coordinates of all available chir81 rhodium bisphosphint coap~sxcs 

vla the CSSR data file : where these had not bean deposited they were retrieved by direct - 

correspondence with the c~lpinal authors. Convmslon into orthogonal coordinates ~8 carried 

out through the GRISThIS programs.‘* Two further structures of square-plmm- chlral biphoaphlne 

oomplexes were included for completeness. 

Conformational analysis of the data was carried out by assembling the values for two 

torsional angles, about P - Rh - P -Cwy,l ke] sod 8boUt m - P - cari - Cortho [63. 

me former expreeses the orientation of the P-phenyl group with respect to the chelate ring 

(I.e. whether it 1s *axial or y-equatorial) whereas the latter reveals torslon about the awl-C 

bond (whether It is edge-on or face-on). Idealfsed arrangaaents are fndicated in Figures 2a-e. 

Ar 

- BPh, 

1 2 E=C02Et 

Phz 

Pime 1 Structurea I-20 of Tables 1 aml 2 bwnterlons to c8tioahY odttedi 
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s. e 
Fi ure 2 V~CWS of chclate blphosphlne structures. 7-F- (a) Edge-face complex In plan 

b Edge face ccaplex in elevation (cl Torsion angles +, viewing down Rh-PI (d) ToreIon 
angle B for the edge-on ring, vleuing down Pl-C (ortho) (e) Torsion angle e for the face-on 
ring. viewing down PI-C (ortho). Views (a) and (b) are taken from structure 2, the others 
are Idealised. 

Torsion angles: The torsion angle data displayed in Table 1 has been norPvlised to provide 

internal consistency and correlate scructuree or both absolute conflguratlons. Firstly. the 

signs of corslon angle to ringe A and C have been lnverced for chelates of &configuration and 

the signs of torsion angle inverted for rings B and D in chelatrs of ). conflguratlon. Secondly, 

the slight deviation from coplanarity in each pair of C-C tortho) bonds was allowed for by 

taking an averwed torsional angle normalised for the one rssote from its gainal P-Ph ring. 

The plot of angles B versus 4 in Flgure 3 reveals a derInite tendency for clustering into 

raxlal and Pequatorlal groups each wlch a rather narrow range of P-aryl orientations. For 

complexes 1-3 derived from the rigid llgand CHIRAPHOS, and related rigid complexes 2 and 2, -- 
together wlth that or the P-chlral blsphosphlne DIPAMP 2, there Is good agreement with the 

ldeallsed edge-face arrangawnt of Figure 2. The edgton ring 1s lnrarfably q-axial and the 

race-on ring *equatorial. For two of the three structural variants revealed in X-ray analysis 

of the CYCPHOS complex 6,8, the -PPh, entity adjacent co the cyclohexyl subscituent conforms to -- 

the ldeallsal dge-face arrangement, but the remote PPh, does not. The third structural 

variant 7 is anonmlous and posses a non C,- conformation or the five-membered chelate ring, 

as does the DIPHOS complex 4. These observations Indicate that close conlorolty to ldealised 

geometry Is not a prerequisite for asymmetric catalysis, since CHIRAPHOS and CYCPHOS rhodlus 

complexes desnstrate comparable optical erficlency In hydrogenation’. It seems chat both 

carDons or the chelate backbone must posees equatorial substltuents to achieve this ldulised 

geometry - thereby imposhg a syllsletrIca1 twist-conrormatlon on the chelate which predisposes 

the P-aryl rings toward3 the C,-syamretrlcal edge-face array. 
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Complex 

lb 
2c 
36 
4e 
5f 
6g 
79 

$ 
101 
118 

10 106 
l9 102 
30 la5 
71 116 
6 104 

-14 107 
-26 114 
-I 103 
11 107 
3 104 
0 100 

i!: 
131 
136 

61 131 
22 122 
63 135 
05 134 

z;! 
126 
136 

86 127 
75 137 
70 130 

0 103 
21 106 
13 100 
26 92 
-7 100 
76 113 
28 95 
66 105 
0 98 

23 98 
0 100 

ii 134 132 

ii 139 142 
43 132 
27 124 
52 136 
-3 127 

i: 132 140 
70 130 

Table 1 Torafon angle data derived from oryatal structures 1 - 10, normallaed a8 de8crlbed 
in the text; ligurc 2 provides a key. (J) Idallsed values for the edge-face arrangement. 
(b) R.O. Ball and N.C. Payne Inorp.Cha. 16 (1977) 1187. (c) A.S.C. Chah, J.J. Pluth and 
J. Halparn, J.Am.Cha.Soc., 102 (1980) 5952. (d) D.H. Farrar and N.C. Payne, J.Am.Chr.Soc., 
107 (1985) 2054. (c) P. Albano, M. Are&a and M. Marassero, Inorg.Cha., 19 (1986) 1069. 
(f) E.P. Kyba, R.E. Davis, P.N. Jurl and K.R. Shirley, Tnorg.Cha., 20, (1981) 3616. (g) Ref 11, 
main text ; there are three independent mqlecules in 
0. Vlfulll, Y. Porrlo and H. Zocchl, Inorg.Chlm.Acta 
angle of 90° (1) Ref 8. m8ln text. 

the X-ray crystal. (h) ii. Brunner, 
96 (1985) 67; this nickel oomplex has a PNlP 

Complex 

120 

13b 
14c 
l5d 
160 
171 
188 
19h 
2oh 

7 87 
-1 90 
3 108 

;; 70 141 70 
65 142 
19 65 
l 12 65 

78 155 
81 150 
85 177 
76 174 

7: 
102 
174 

16 99 
54 175 
58 175 

8 79 

:: 
103 
142 

-23 134 
0 00 

-23 127 
-1 69 
-2 102 

0 106 

56 163 
01 139 

iii 101 109 
76 163 

ifi 113 173 
47 138 
44 135 

Table 2 Torsion angle data derived from crystal structure8 12 - 20 (a.) K. Torluml, T. Ito, 
H.Takaya, T. Souchl and R. Noyori. Acta Cr at 388 (1982) 807. (b) R. Stults and Y.S. Knowles. 
Hon8anto. prlvate comicatlon. T--r-- (c J.M. Townsend and J.F. Blount, Inor .Chem., 20 (1981) 
269. (d) K. Onunra and A. NJkJmW8, Bu.ll.Chem.Soc.Japan 54 (1981) 761. '*he.. Y. Tltako. 
A.T. Kogure and I. Ojlma, 25th Symposlu on Orynoletalllc Chtilatry, Oaaka, Japan 1978 ; 

Abstract 3A15. (f) M.P. Anderson and L.H. Pignolet, Inorg.ChaI!., 20 (1981) 4101 ; 
(8) Y.R. Cullen. T-J. Kim, F.Y.B. Elnateln and T. Jones Organometalllos 4 (1985) 346; 
(h) R. Schmld, ?I. Cereghettl, B. Hel88r. P. Schonholrs and H.J. Hansen, Helv.Chlm.Acta (1988) 
in press; G. Svensson, J. Albertason, T. Frejd and 1. Kllngatedt, A.&a Cryst C 2 (1986) 1324. 

For 7-ring chelate complexes the poaltlon 18 lus clear-cut. Of nine X-ray Jtt%turOJ 

described (including one derived from a ferrocanylblphoaphlne which haa a comparable bite-angle) 

only two conform cloacly to the ldeallsed C,-confora*tion of the chelate ring : both of these have 

the synsetrlcal edge-face arrangement of P-aryl rings. One la the rigid complex 12 derived from - 

BINAP” and the other the related DIOP complex 13. Several further X-ray structures of organo- - 

metallic8 baring the DIOP llgand have been reported’*, and Kapn ha8 undertaken a conforutlonal 

analysis of the chelate ring geometry”. It is worth notlng that complex 13 is the only DIOP- - 

derived structure which app~xlmates to C, eymetry In the twist-chair COnfo~tlOn. SOVOrJ1 

alternative low-energy conformations are avallable to the ‘I-ring ohelate, thlr feature being 

apparent in the related complexes fi - 11. Two of the80 oonform rather well to oycloheptane 

twist-boat Reometry’** namely 2 and g ; this 18 lllU8trJted in Figwe 4. ml8 COflfOI=JtiOn 

ChJrJCtOri8tiCJlly placee one P-Ph ring VJCtor in the PRhP plane. Cowlexas 14 and ‘6 exhlblt - 

a similar orientation, and evm the ferrocene-derived complex 18 shows this fUtUr0. mhe - 

BINAP-related structure 2 bJ8ed on the atroplsomerlc L3.4115,61 dlbenzooxepane ring system 

8hOU8 8ome deviation from ideal geaetry, pJrtlCUhWly in ring B. It, 18 J1lW8t 8UpWimpO8ab10 

on the simpler biphenyl-based 8tructure. 20. - 

Only the torsion-angle data for ‘I-ring chelates 12 and 13 and 2 are lnoorporated ln - 

Figure 3. me larger chelate ring alter8 the geometry around Rh, 8o that one value of $ 18 

larger and the other smaller than the 5-ring case. Overall. the range of varlatlon in 8 18 

greater for $-equatorial rings. with values for *axial rings narrowly dispersed Cl080 to O”. 
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Figure 3 RelatIonship between torelon angles + and 0, defined In the text. Structures 
1,2,3,5, 9 and 10 (5-ring chelates) are represented by0 and 2, 13 (7-ring chelates) by 0. 
~~~e~l-5-ri~“edge-fece” is represented by l . Figure 5 (insen t relatlonship between 
torsion angle e and RhPC bond angle for 5-ring ohelates 1,2,5Gd 19; the P-axial and -s-e 
P-equatorial ring8 form dlstlnot clustera. 

figure 4 Plan (A) and elevation (b) views of the X-ray crystal of bis- - 
dlphenylphosphinobutane structure 17 - 

Bond anglos: The most symetrlcrl chiral phosphlne ceaplexbs have a regular arrmgaent Of 

P-8ryl rings. With one exception, 2 , the caplexes we crtlonlo and coordinrtively 

unsaturated, permlttlng a rwourrble Interaction between ortho C-H of aryl rings and the 

metal. orthogonal to the coordinrtlon plane. Such interactions are uell recognised elsewhere” 

w the beginning of an yostlc fnteractlon betueen metal and hydrogen. For the lk complex 

(PPh,), Rh+ ClO.-. this Interaction is sufficient to cause a 200 angular distortion of the 

tranns PRhP array“. 

For typical metal complexes *’ of ?IePh,P. the IPCxryl bond anglee generally vary over the 

range 108-l 18O. If, in the serlee of chlral blphosphlne oaplexes under scrutiny, the +-ala1 
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ortho C-H’s are involved In slgnlficant bonding to the metal, this should affect bond angles. 

Specifically, the angle RhPC,ryl should be slgniflcantly seller for raxial than for eepriatorlal 

rings. Figure 5 Jhow a plot of thlJ Jngle (a) Jgainst the rOlOvJnt tOrJiOn-angle (e), for 

5-ring chelates and reveals a systtllatlc trend. The axlal rings art clearly associated with 

JmJllOr values of a. Rlis accords with significant proximity of the relevant ortho-hydrogen 

to rhodium, typical values (derived tram CHIRAPHOS complex (2)) being 2.68 A and 2.90 A. The 

‘I-ring chelates do not reveal comparable trends. 

Interaction betwebn the P-aryl ring Jubstltuents and bound reactant governs the 

relative Jtabllfty of dlastereolsomtrlc lntermedlatts In the catalytic cycle for asy~etric 

hydrogenation of eki~mldos. This 1s now considered In detail. 

2. Holeoular Modelllng of Dehydroamlno acid Complexes 

There are several crystal JtructureJ of metal oomplexee with a chelated enamlde” ; two 

of theee are directly relevant tb the pathway of ametrlc hydrogenation. In all of theJt the 

olefln Jnd Jmldo exhlblt a nyr coplanJr arrangasJnt of H-O-C-N - Co wlthln the chelate ring 

with the Jecond;oleflnlc oJrbm Cg displaced out of this plant. The CHIRAPHOS complex 2 

excited JubstJntlal lntsest since the oleflnlc face’coordlnated to rhodium 1s opposlte to 

that expected from the sttreochalcal course of asynmetrlc hydro&enatlon. This +tault accords 

with the far hlghw reactlvlty of the DIPAMP enamidt complex dlsfavoured Jt equlllbrlum towrrds 

H, Jt low tempeFJturtJbb. me high &rgy diastereomer. vhich carries the flux of cataly%ls, 

has not been chJract.oriJed crystallogrJphlcally, nor hJs the lnltlal dlhydrldt product of H, 

addition been ldentlfted. For this r@JJon. we carried out molecular q odelllng calculatlqns to 

deilne the structural factors responsible for enantlostltctlvlty. 

B~sls or the calculations : Re CHD* molecular modelllng programs provide a convenltnt method 

for assembling mlecular structures from fragmente madr accessible by X-ray crystJllography’*a. 

For transition-metal complexes thie permits the reor1entJtlon or one 1lgJnd wlth respect to 

otherJ. Jnd the formation of new llgand-metal bonds. e.g. to hydrogen. 

me sterlc energy of any given structure opy ln principle be calculJted by molecular 

mechJnlce procedures. UnfortunJtely, the normal coordlnatt analyses necessary for deriving a 

JuitJblt force-field are simply not avallJble for rhodlua complexes relevant to asyrmPetric 

hydrogenation. The JtructureJ concerned art rather rigid, and non-bonded interactions are mcst 

readily accormodJted by rotation about single bonds, particularly the P-Ph units. This ied to 

a slmpllfled approach, In that the skeletal geometry was defined lor a glvtn Structure. and 

the energy of van der Yaals lnteractlon then mlnimlsed by incremental rotation about 

conformxtlonally mobile single bonds. making the turther assumption that torsional barriers 

were not slgnlficant. This was carried out in the TORMTN subroutine of th; COS4IC molecular 

wdtlllng package (nude available through the courtesy of Dr. J.C. Vlnter, Smith,,Kline and 

French’*b). This employs standard panmeters for van der Uaals interactions” and ItOrJtee 

to minimum energy. This iteration was continued until the energisa derlvbd in JucctaslVO 

calculations converged to < 0.01 Kcalsmolt-‘. 

Enamlde complexes: me X-ray crystal structure of (SS-CHIRAPHOS) (ethyl Z-a-acttamldo- - -- 

clnnamJte1 rhodium perchlorate, 2, has been reported; Table 1. reference (cl. The data was 

modlfled by transrormJtlon lnto orthogonal coordlnatss with Rh at the origin, the phosphlnes 

in the xy plane, and the centrepoint oi the ohtlJte ring PCCP on the y axis. The t6ttr ethyl 
group was exclsd and replaced by H, then hydrogen atoms were added at all relevant sltee 

with a standard C-H dlJtJnoe of 1.08 AIra. 

me van ds UaalJ energy of this conJtruct waJ then mlnlmlsed ulth respect to rotation about 

the ten conformatlonally .wblle single bondJlsb. Only slight structural changes occurrtd before 

a stable minimum use reached. and the total van der Yaals energy dtcrersed Mrglnally to a vJlU0 

MO - -31 .3 Kcalsmole-‘. 

This slruoturt was thJn ohangtd from the Co-re dlaetereomer into the Co-g diastertomer by - 

rtllectlng the dehydroamlno Jcld Iragmant in the xy plane, thereby revtrslng the sign or all x 
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coordinates. A new van der Yaals alnimisatlon prooadure was carried out by the aaae method, 

glvlng a Tinal energy AH0 - -29.3 Kcalsmole-‘* The resulting struoturea are presented in 

Figure 6, lndlcating the regions where slgnlticant interactions occur. For the more stable Co-= 

lsocner. the only aignltioant repulsion 1s between benzylldene C-H of envlde and m-carbon of 

adjacent arylphosphlne. In contrmt, the mlnor &,-al diutereomer possesses eeveral deatabllislng - 
contacts. 

e 6 Mnlmua energy struobures for CHIRAPHOS rhodlw enanldes from Z-a-PhCH - C(WiH) 
‘e MQor dlastereaer uppefwost : right-hand vier dmonstrates inteFaFt.iona b&.-An 
the anamlde and proximal PPh,. For the alnor dla.stereocner the region of unfavourable 
steric interaction between -CO,H and P-Ph (eq) 1s highlighted. 

The moat slgnifloant or thee8 involve the -CO,H group and neighbouring equatorial P-arene group; 

the relative dlsposltlon of these two residues Is such that stCrlc repulsion cannot be greatly 

reduced by rotation about stngle bonds, without lncurrlng greater cost elsewhere. 

The dlrlerence in VdY lnteractlons between the Co-re and Co-z dlastereomers 1s quite 

small, well wlthln the limits of accuracy ol the method. Given thls caution, it appcars that 

the main difference in energy between major and minor enamlde dlastereomers In asylaetrlc 

hydrogehatlon resides In non-bonded interactions oi the a-CO,R - group. Many publications 

support the Idea that Its presence Is essential for a high optlcal yield, and lr It 1s removed 

and replaced by H the E.e. 1s quite poor”. Replacement oi the o- -CO,R group In en01 acetates 

by various aubstltuted phenyl groups reduced the optical yield. substantially less 80 when the 

subetltuente were electron-vlthdrawlng*l. 

Dihydride caplexes : Addition or H, to a rhodim (or lrldllrm) envlde complex leads directly 

to the corresponding alkylmetal hydride’. Intermediacy of a dlhydrlde 1s assumed, but not 

defined. Since CH,l appears in the rate-equatlon*@‘a and catalysis proceeds without 

equilibration of ortho and E-hydrogen”, it 1s the initial addltlon step rather than 
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lntraccnplsx hydride-tran8frr which 18 rate-dotermining. This provide8 an incentive for 

atudylng models of the dihydrldol in both storwohalcal serlrr to discover differential 

storlo lntsractlon8. 

Since the dlhydrldes ar8 81x-ooordlnete , each onamide complex can give rlso to four 

dlasterooisa0rlc produots”. These 8r!se from four distinct pathway8 for H, addition: two 

above the square plane along the P-Rh-0 and P-Rh-C vector8 respectively and llkewlse two bolou 

the square-plan.. Models of the four possible dihydrldse were conStructed fra the 8inlslsed 

structure of the Co-r8 lscrmer described in the previous seotlon. In e8ch case one of the Rh-P - 

bond8 Ya8 dlsoonneoted and the llgand then rotated through 90° about the WJIainlng Rh-P bond. 

‘No hydrogen8 were then added to rhodim at the vacant octahedral sites (Rh-H - 1.60 A). Th8 

four resulting dlutereaerr w8re subjected In turn to min~mlsatlon of van der Uaals onergy, a8 

preViOU8ly de8Cribed. Xn three ca8e8 very 8evere non-bond4 interactions pwtlculrrly brtweon 

the C-Ph or C-Cl!, of the 8namlde chel8te and aqtacent -PPh,, war8 lnoorporatrd which could sot 

be rOllWed by torsional motion, glVlng rise t0 8teriCally lmpO88lble 8trUCtUrG8. me fourth 

isober 18 at111 strainOd,‘bUt vlible and 18 shown in Figure 7. mi8 ti the ster8o1sacr which 

would be expeated to be on the hydrogenation pathway, with Rh-H 11 plaoc for transfer to Cg. 

An identical prOCOdUr8 wa8,CwriOd Out for the 1088 stab10 C8-gen=ide CollpleX and 8Caln 

Only one Of the four 8tOrOOi8~Or8 ha8 a lOW energy rotationally min18188d 8trUCtW8, hcmologou8 

to the one derived In the ca88 of the Co-re dlastereoisa8er (Figure 7). mere 18 a 8trlkiIIg - 

dilforencs in the relative energies of athe C,-re (m&jor) MCI C,-& (minor) dlastereo8er8, - 

whloh l r8 r88peCtiVely + 19.5 and -22.7 Kcalmole-I, and the origin of much of this dlfferenco 

18 apparent on lnepectlon of Figure 7. Increased sterlc ccwpression between the -CO,H and 

adjaoent -PPh, 18 rO8pOn8ible for the higher energy of the C,-re 18Cm.r In Figure 7a. me aryl 

ring8 Of that -PPh, are forced into ~1080 contact which dl8trlbUte8 the de8tablll81ng 

interaotlon more widely. Further non-bonded interactions l rl88 betW8en the ulde and the sue 

PPh, . Since sterlc canpreM(on is di8tribUted over a 8Ub8tmtial area Of the oCaple%, it Cannot 

be rollwed by’tonlaul. m twlstlng aotlon8. In contra8t. the C,-fi 18mer 8hONn In Figure 7b 

is relatively unencumbered, the main destablllslng lnteractlon involving a COntaCt between Rh-H 

and an ortho-H of arylphO8phinO. 

PlgUre 7 Hlnlmlsed structures of the faVOUt’ed Rh-dla8tseO18aer8 Of enMid dlhydridO8, 
derived rra the major (a) and minor (b) enmldo caplexas of Fipuro 6. In the former, 
serious non-bonded lnteraotlon8 occur between the CO,H and equatorial P-Ph, the NHCOCH, 
and axial P-Ph. and ortho-H of the80 two aryl rings. me latter, derived fra the minor 
enuaide 18 relatlvel~rouded. 
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3. Reaction Pathway for H. addition 

me energy surhcw for addition of H, to the enanlde structures of Plg~c 6, along the 

vector leading to the dihydrldes of Plwe 7 naa then studied. Several authors hrve carried 

out theoretical calculations on H, addition to metal co~lexes’*. WlIet parallel attack of 

H-H (with the two ItH dlstanca kept equal throughout the reaotlon) la normlly ooneld~ed. 

both Dedleu and Strlch, and Savln have examined pwpmdicular H-H appmaoh. Both groupa 

concluded that a perpendicular trajectory use qulte permlsslble In the early stages of reaction. 

However, the transltlon-atate is late, and H, comee close to the metal before algnlflcant 

lengthanlng of the H-H bond occure. 

For molecular modelling studies, the relationship between H-H or Rh-H distances and 

dlstortlon of llgand and substrate chelates out of the square-plane wae derived from the work 

of Noel1 and Hay”. The H, molecule was positioned such that its mid point was located on the 

axle perpendicular to the square plane, with H-H parallel to P-M-O or P-Rh-C. mle leads to 

rour possible directions of H, approach, two above and two below the plane vlawed in Figure 6. 

Only the one leading to a stable etruoture (vlde supra) wae atudled in detall. For any given 

Rh-H distance. the blphoaphlne llgand was rotated out of the square plane about the P,-Rh bond 

by the defined amount” and the enamlde llgand rotated out of plane to the cane extend about 

Rh-Co (see inset to Figure 8). This gives a structure corresponding to a point on the energy 

surface ior H, addltlon. and the VdY lnteractlons were caloulated a8 before through the TORMN 

routine, allowing all rotatable bonds to achieve a mlnlmum conformation. The Rh-H distance was 

reduced by an Increment. new ekeletal geometry established for the llgands, and mlnlmlsatlon 

achieved an doscribed. Three of thsSe four lead to lmposslbly strained etructurm; only that 

with H-H parallel to P-Rh-0 and approaching from the benzylidene race is sterically permitted. 

Figure 8 dean&rates how the VdY energy varies ae the PRhO angle changes from 1800 to 900. 

A slight initial rise 1s succeeded by a region where little serious repulsion occurs. Only 

late In the reaction, when PRhO < 100 o, does the level or non-bonded lnteractlon lnorease 

dramatically. More detailed analysis of the changes In P-aryl torsion angles indicate that 

sterlc claahss are locallsed in cne of the two pairs. l’hus rings C and D change little In 

conformation whllat rings A and B fluctuate considerably as they endeavour to avold the 

aT-r<,ach or the anamlde residue. 

+30' 

WW' 
energy, 

PRtiO 
FlOure 8 Van der Uaals energy or computed intermediates in the H, pathway. l Klnor 
dlaatereomer parallel l ddltlond minor dlaatereoaer, perpendicular aadltion 0 major 
dlaatereorr parallel l ddltlon (towards P-Rh-0). 

The bshavlour of the unstable enamlde dlastereomr CC,,-si) la in complete contrast., - 
although again only one of the four pathway8 la aterically permissible. Hffe one observes 

aerloua steric interactions early in the H, l ddltlon process. a%xmtlally alleviated when the 
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PRhO angle is 1500, no further increase along the reaction profile. This prompted an 

exuinatfon Of pet-PeIIdiCUlar H, approach during the initial phase of addition with other 

factors in the Calculation8 unaltered. me results demonstrated in Figure 8 show that muoh, 

but not all. of the staric compression In the early stages has been avoided. 

There is ltttle exp@imental evidence against which theee observations can be evaluated. 

The recent spate of n*- dihydrogrr complexee might be consldwed to ml810 an early polnt on the 

energy surface, but characterised examples” are formally derived from 5-coordinate precurwrs by 

addltlon of H,, M the analogy 1s poor. It may well be that the positioning of H, 1s relatively 

UnCOnstrained In the Initial stage of additlon to the square-planar rhodium complex. so that the 

critical interactions, which determine the transition-state region, are those which occur later 

in the reaction when Rh-H bond formation is well-developed. This is In accord with the high 

r~Ctlvlty of the C,-g dlastereomer and the discrimination which leads to enantloselectlvity. 

4. Relevance to the l4echanism of Aspetrlo Hydrogenation 

The work described here highlights the co-on featuree of asy~etrlc hydrogenation 

catalysts. Ye find that a probable contributor to the “edge-face” arrangement commonly found 

in crystal structures of rhodium bl@osphlne complexes 1s a weak interaction betwe& P-axle1 

ortho-hydrogen8 and the metal leading to sllghf RhPC angle differences between axial and 

equatorial aryl rings. 

Using a simple molecular wdelllng approach, the difference In enthalpy between the stable 

Co-= enamide end lte Co c dlaeterecmer is correctly predicted. Purthersore it can be mm 

that the destabllising lnterections arise between the CO,R group of dehydroanlno acid and Cipso 

or Cu. b of adjacent P-equatorial ring, for the Co-z dlastereomer. The steble Co-= 

dlastereomer bs Its CO,R-group in an unconstrained region of space. On going to the 

corresponding enamide dlhydrldee, the sterlc energies are reversed. Of four diastereoaers 

from each square-planar preoureor only one 1s permissible on sterlc grounds; the others engender 

impossible clashes between llgand and substrate. For the favoured conflguratlon, uhlch has one 

Rh-H in plaoe for transfer to the II- oleflnic carbon along a stereoelectronically favourablo 

pathway” the C=-fi dlastereomer is strongly favoured whilst the Co-= dlastereomer suffers 

VdY repulsions. These are partly located in the region of the CO,H group but much more widely 

dlstrlbuted, and lnvolve the amide methyl group as well now In the proximity of a P-•ryl 

residue. The conclusion that the Co-g dlastereomer 1s favoured at the dihydride level 1s 

clear-cut. 

Computer nodolling of the reaction pathway for H, addition to the snamlde _complexes 

demonstrates the same dsstabillsing interaction to be laportant in the late stages of reaction 

with PRhO < 1009. In the early stag- of reaction compllcatlons occur through repulsion of the 

incoming H, molecule, which are more eevere Tar the Co-s1 diastereomer if the approach vector - 
Is constrained. One important caveat must be Introduced at this stage. In recent work” it 

was demonstrated thtt H, addition to a model lrldlum enamide complex lacking the -CO,R 

runctionality occurs vlth clear stereochemical preference. The isomer formed under kinetic 

control vith H, addltlon along the P-Ir-C reactor, is equivalent to one strongly.dlsiavoured 

In these q odelllng studI& although there is an equlllbration process linking all possible 

dlastereomers at -45oC. Untll a closer csdel for the dlhydrlde rdditlon process has been 

examined experlmentally, caution in the interpretation of theee reeults 1s required. 

Acknowledgements Ye thank:B.P. Research Centre Sunbury and S.E.R.C. for a CASE award (to PLE); 

Dr. A.R. Lucy made useful cowents,. Dr. J.C. Vlnter, Dr. A. Davis and Dr. M. Saunders all made a 

substantial contrlbutlon to helping the molecular modelling studies, particularly In the lnltlal 

phases,. Professor J. Halpern, Professor A. Yamamoto, Dr. C.R. Landis and Dr. B. Halser for 

providing X-ray structure data. 

References 

1. For example R. Noyori, M. Ohta, Y. Hslao, H. Kitamura. T. Ohta and H. Takaya. 
J.Am.ChsPI.Soc., 108 (1986) 7117 : R. Selke and H. Pracejus, J.Nol.Ca~l., 38, (1986) 
213 ; U. Nagel. TKlnzel, J. Andrade and C. Preacher, Chem.Ber.. 119 c19l3n 3326. 



Strucrurc and mcfwity in esymmctric hydrogenation 4915 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19 

20. 

21. 

22. 

23. 

J. Halpsn and C.R. I&tdis..J.Am.Chm.Soc.. 109. (1987) 1746 ; J.M. Broun and 
P.J. Meddox. J.Chr.Soc.Cha.Caul., (1@7)~76. 

J,l% Brown, P.A. Chxloner and C.A. Morris, J.Cha.Soc.Pskin II (1987) 1583. 

(a) A.S.C. Chen end J. Halpcra J. &m.chea9a~:,,~ (1980) 838 : (b) J.n. Brown end 
P.A. Chaloner. J.Cha.Soo.Chat.Comun., 

For the corresponding trldlum enulde complexe~~. H, addition occur8 repidly but the 
lfrst observable intermediate is an alkylhydrlde, even at lou temperatures, 

N.Y. Alcock, J.M, Brown and A.R. Luoy, J.Chr.Soc.Chsar.Cora., (1985), 575. 

H.B. Kagan in *Comprehensive Organoaetalllc Chemistry” Vol 8, pg 463 if. ; 
C. Yllkinson. F.C.A. Stone and E.W. Abel, Eds. Pergamon Press, 1982. 

Both the Chlcago and Oxford groups have expended considerable unpublished effort in 
this direction. 

B.D. Vineyard, U.S. Knowles, H.J. Sabacky, G.L. Bachmen and D.J.. Yefnkauff, 
J.Ams.Chcat.Soc., 99 11977) 5946 ; Y.S. Knowles, Acc.Chax.Res., 16 (1983) 106. - 

J.D. Ollver and D.P. Riley, Organometellics 2 (1983) 1032. 

C.K. Prow., D.J. Uatkln et al, Chemical Crystallography Laboratory. Oxford University. 

K. Tani, T. Yanragata, S. Akutagawa, H. Kumabayashi. f. Taketoml, H. Takaya, 
A. Hiyashita, R. Noyori and S. Otsuka, J.Am.Chem.Soc., 106 (1984) 4208, and refs - 
therein. 

V. Gramlich and C. Saiollon. J.Organometal Chew, 12 (1974) C61 ; V. Gremlfch and 
G. Consigllo. Helv.Chin.Acta. 62 (1979) 1016 ; R.G. Ball, B.R. James, J. Trotter, 
D-K. Yang and K.R. Dixon. J.Ch%.Soc.Chem.Collrmun., (19791 460 ; S. Brunic, J. Xazan, 
N. Langlois end X.8. Kagan. J.Orgenometal Ghan., 114 (19761 225 : N.C. Payne and 
D.Y. Stephan. J.Organometal Char., 228 (1982) 203;D. Tranqui. A. Durif, H.N. Eddlne, 
J. Lleto, J.J. Rafalko and B.C. Get= Acta Cryst B 38 (1982) 1916. 

G. Balavoine, S. Brunle and H.B. Kagan, J.Organometal Chem., 187 (1980) 125. 

Y.H.J. Flapper and C. Romers, Tetrahedron 31 (1975) 1705 ; D. F. Boclan and 
H.L. Strauss, J.Am.Chix6.Soc., 99 0977) 28x 
F.J. Bwjemo, J.Chem.Soc.Perkl;i-2 (1982) 657. 

; A.L. Esteban. C. Caliano. E. Dfez and 

H. Brookhart and t4.L.H. Green, J.Organonetel Chat., 250 (1983) 395 - 

Y.Y. Yareol, S.L. Miles, R. Bau and C.A. Reed, J.Am.Chem.Soc., 99 (1977) 7076. 

Inter alia N.W. Alcock and J.H. Nelson,, Acta Cryst 4lC (1985) 1748 ; F. Dahan and 
R. Choukroun Acts Cryst., 4lC (1985) 704 ; H. Kln-CherG.H. HCLaughlln, H.l@Partlin 
and G.B. Robertson, Acta Cst.. 38 (1982) 421 
F.G.A. Stone, J.Chem.Soc.Dalton (382) 1733 

: J.C. Jeffrey, H. Razay and 
; M.J. Chetcutl, K. Narsden. I. Moore, 

F.G.A. Stone and P. Woodward, J.Chem.SoC.Dalton (1982) 1749 ; A. Modinos and 
P. Woodward. J.Chem.Soc.Dalton71975) 1534, 2134 i U.A. Bennett, H-K. Chee and 
C.B. Robertson, InOrg.Chem,, 2 (1979) 1061. 

Table 1, ref c ; A.S.C. Chan. J.J. Pluth end J.Halpern. Inorg.Chlm.Acta 37 (1979) 
c 477 ; N.Y. A~COCK. J.X. Brown and P.J. Maddox, J.Chem.Soc.Chua.Comaun.,l986, 1532 ; 
A de Cian. R. Yeiss. J-P. Haudegond. I. Chauvin and D. Conmereuc, J.Organometal Chw., 
187 (1980) 73. - 

(a) CHMX from Dr. K. Davies and associates, Molecular Design, Oxford (b) COSMIC and 
subroutines from Dr. J.G. Vlnter. Smith Kline and French, Selwyn GardePl Clty. For a 
similar approach to lntcrmedlates in hydrogenatfon by ClRh(PPh,), eee J.!4. Brown, 
P.L.Evans and A.R. Lucy. J.Chem.Soc. Perkin II (1987) 1589. 

J.M. Brown and D. Parker, Organometallics L (1982) 1350. 

K.E. Koenig, G.L. Bachman and B.D. Yfneyard, J.Org.Chea., 3 (1980) 2362. 

J.t4. Brown, L.R. Canning, A.R. Down5 and A.M. Forster. J.Organometal Chem.. 259, 
(1983), 103 

P.A. PhcNell, N.K. Roberts and B. Bosnlch, J.Am.Chsn.Soc., 103 (1981) 2273. - 



4916 J. M. BROWN and P. L. Evms 

22. 

25. 

26. 

27. 

J.J. Low and Y.A. Ooddard III, J.&.Chr.Soc., 106 (1984) 6928 ; J.O. Noel1 and 
P.J. Hay, ibid, 1011, (1982) ‘I5781 S. Obara, I;. ii&m and It. lbrokuv, lbld 106 
(1982) 7282 N. Koga, C. Canicl, J. Han, X.Y. Fu and K. Ibrokuu, ibid 109(19a7) 
3455; A. Dodiou, Topic0 in Physioal Organomet8lllc Chemistry1 (1985),xd refs 
thssin. 
H.J. Harrwm, G.J. Kubas and R.R. Ryan, J.lu.Cha.Soc., 108, (1986) 2294: 
R.H. Crabtree, !4. Lwin and L. Bonnwlot, ibid 108 (1986) 5032 and r&s. therein. -- 

T.Y. Doklera and B.R. Jara, J.Chr.Soc.Chr.Corun., (1983) 1350. 

J.M. Brown and P.J. IUddox, J.Chr.Soc.Cha.Corm., (1987) 1278. 


